Abstract. This paper presents a three-dimensional analysis for thermal comfort in a library. The room model includes library layout, equipment and peripheral positions as well as the positions of inlet and outlet air for IAQ controls. Cold clean air is supplied to the room through ceiling-mounted air grilles and exhausted through air grilles situated on the same ceiling. A commercial CFD package was used in this study to achieve solutions of the distribution of airflow velocity and temperature. Using high quality meshes is vital to the overall accuracy of the results. Simulation results show a good agreement with experimental data from the literature. This study has thoroughly analysed the indoor thermal conditions and airflow characteristics of the building. In addition, verification of the CFD program with experimental data showed that the program can provide reasonable and reliable predictions on thermal comfort performance with the help of precise boundary conditions.
INTRODUCTION
Air conditioning is usually applied to impart a cooling effect. However, air conditioning, by definition, requires six functions to take place. These six functions are cooling, heating, air circulation, air cleaning, humidification, and dehumidification. When the system is operating in the cooling mode, the processes involved are air circulation, air cleaning, cooling and dehumidification. When the system is in heating mode, the processes are heating, circulation, cleaning, and humidification. It should be noted that air circulation is a very important aspect of the total system operation [1] .
The main objective of this research is to study the air flow distribution in the library of the Faculty of Engineering. This research was performed using a commercial CFD package known as FLUENT. The air flow dispersal inside the library of faculty of Engineering University Malaya was examined and studied with numerous measures proposed to enhance the results. To achieve this goal, the following tasks were defined:
1) The indoor thermal conditions of ventilated building in a hot humid climate were investigated by using a library as a case-study building type. 2) The indoor thermal conditions and airflow characteristics of the case-study building were analysed by using computer simulations that were calibrated with measured data from the library hall itself.
2. CFD MODELLING Most of the CFD applications for indoor environment modelling in the last century were to calculate airflow patterns and distributions of air velocity, air temperature, turbulent intensity, and gaseous contaminants, by solving the Reynolds averaged Navier-Stokes equations. More specifically, this study utilised the highly popular [2] , standard k-s eddyviscosity model. Recently, several studies related to air movement in buildings have been performed using CFD, such as to predict the airflow pattern within a workshop. To compare the results with actual measurements, a combination of CFD model and a reduced-scale physical model was used to simulate the effects of natural ventilation in an open atrium office building [3] .
Using CFD, the conservation equations for mass, momentum and thermal energy were solved for all nodes of a two-and three-dimensional grid inside or around the object under investigation. CFD is a relatively new technology, still very much under development. For example, several different CFD solution methods are being investigated for accuracy for airflow simulation inside buildings. These are, direct numerical simulation, large eddy simulation, Reynolds averaged Navier-Stokes modelling, vortex particle method and lattice Boltzmann method [4] .
The k-e model is one of the most common turbulence models in use today. These two variables determine the characteristic length scale of turbulence. In order to achieve an accurate result, a reliable CFD modelling is a must, and it is also essential to adopt a good meshing scheme. A considerable amount of work on choosing a suitable and satisfactory meshing scheme was carried out for this research. Besides that, during the meshing process, various aspects of meshing such as the number of grids and the types of mesh shapes were studied to obtain accurate results [5, 6] .
The standard k-epsilon model is a semi-empirical model based on model transport equations for the turbulence kinetic energy, k, and its dissipation rate E. It is the simplest complete model of turbulence with two partial differential equations in which the solution of two separate transport equations allows the turbulent velocity and length scales to be independently determined. The standard k-epsilon model is therefore, valid only for fully turbulent flows [7] .
The two-equation turbulence model of the k-epsilon type was recently derived by using Renormalization Group (RNG) methods for its substantially better predictions than the standard k-epsilon model for turbulence models in separated flows. The improvements obtained from the RNG k-epsilon model were attributed to the better treatment of near wall turbulence effects [8] . The RNG k-epsilon model takes the form below: For turbulence kinetic energy, k a a SOLIDWORKS was used to define and model the geometry of the library and its boundary conditions. The geometric model was then exported to the pre-processor, GAMBIT version 2.2.30 to carry out meshing of the faces and volumes. Each face of the geometry needs to be meshed appropriately with small interval size so that the problem of skewness does not arise. The elements chosen were TRIs and PAVE for the face meshing. Whereas TET/HYBRID for volume elements and TGRID for volume meshing. Afterwards, the design was then exported into the meshed geometry of FLUENT 6.12.16.
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RESULTS AND DISCUSSIONS
The room temperature is most favourable to thermal comfort where the occupants of the library do not feel distress, either being too cold or too hot at times. Discomfort exists when occupants do not feel the movement of air at certain places in the library. This can be attributed to the air velocity distribution flowing out from the diffusers. Figure 3 (a) below, shows that the air from the inlets was evenly distributed all over the library, with an average value of 0.5m1s, corresponding to the blue region. The maximum velocity magnitude was around 8m1s corresponding to the red region around the return air grille. It can be seen that air speed at the proximities of the occupant was very close to zero, indicating that air hardly flowed to the occupant's location. This means that the system did not provide an optimum condition for comfort and hence the air circulation inside the library area was not optimal. 
4.1) Scaled Residuals of Standard K-c:Model
4.2) Contours of Air Flow At Different Iso-Surface
The iso-surfaces for the model were generated and are illustrated below. These surfaces were of constant y-coordinates in which the y-axis plane was being cut. This process was more useful and effective in displaying and conveying the desired results. In this study, the y= -l.Om, y = -2.0m iso-surfaces were generated. These locations of y= -l.Om, y = -2.0m were represented by the height of l.Om and 2.0m measured from the floor. at y = -2.0m Figure 4(a) and 4(b) above illustrates the air velocity distribution provided by the k-e model with iso-surfaces of velocity magnitude and temperature generated at y = -2.0m and y == -l.Om. It was observed that the air flow velocity ranges from O.5mJsto 1.2mJs for y=-2.0m and y=-l.Om. It can be seen that the airflow from the air conditioning diffusers was distributed evenly all over the library space. The area where occupants are experiencing air flow of O.5mJsin magnitude, is quite low for a person to feel comfortable. The maximum value was 6.2mJs and 4.9mJs for y= -2.0m and y=-l.Om respectively, beneath the diffusers.
From Figure 4 (c), the total temperature distribution 2.0m above the floor showed some differences with the book stack area recording an average temperature of 16°C and the reading region recording a temperature range of 20°C to 23°C. Hence, occupants are in the thermal comfort zone since the temperature range satisfied the criteria for comfort. Figure 4 (d) illustrate the thermal environment in the library at a height of 1m from the floor. The temperatures in the occupied regions of this library were around the set temperature of 23°C. The temperatures were within the comfortable range and thus these areas are deemed comfortable for the occupants. 
CONCLUSIONS
This research has investigated the indoor thermal conditions of the library of Faculty of Engineering, University of Malaya. This study has thoroughly analysed the indoor thermal conditions and airflow characteristics of the case-study building. Also, this study has validated CFD results using experimental data obtained from measurements. The validations verified that the program could provide reasonable and reliable predictions on building performance. This study also showed that real-time thermal boundary conditions were important for the accurate assessment of indoor air quality and thermal comfort. The results obtained from the CFD simulation in this study indicated that:
1) The uniformities of velocity and temperature distributions in the occupied region of the library were satisfactory. 2) For the stratified air-conditioning design in the library building, in order to obtain satisfactory thermal comfort in the occupied region, the mid-height of the building had a good position for the cooling air supply. 3) Analyzing the effects of air-conditioning design parameters on the building environment by CFD was an effective method to find the way to optimize the airconditioning design scheme.
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METHODOLOGY
Except for the original automobile model, the other five models were mounted with riblets on its body surfaces. The positions identified for investigation are the front of car, the front of roof, the rear of roof, the rear end of car and the side door. For convenience, the five positions hereafter will be referred as Position A, Position B, Position C, Position D and Position E. Each rib let film covers an area ofO.5m x 0.05m as shown in Figure 1 . The dimensions of four geometries that are used for investigation about the effect rib lets geometry on drag reduction are shown in Figure 2 . They are referred to as Geometry A (wedge), Geometry B (square), Geometry C (semi-sphere) and Geometry D (semi-hexagon). All the riblets of different geometry are fixed on Position A. Totally; there are 9 case models to be studied for this project.
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Velocity inlet
Velocity inlet boundary conditions were used to define the flow velocity, along with all relevant scalar properties of the flow, at flow inlets. This boundary condition is intended for incompressible flows, and its use was appropriate for this case. The inlet velocity was set as V = 35ms-1 , the approximate to that used in previous experimental works. This value of velocity is also in the range of low speeds (35-45 mls) which significantly shows the drag reduction by rib lets.
Turbulence Specification Method of velocity inlet setting specifies the method to input the turbulence parameters. Turbulence Intensity and Hydraulic Diameter method are chosen because it was assumed that the model was in a virtual wind tunnel where the flow is internally fully developed. For internal flows, the turbulence intensity at the inlets is totally dependent on the upstream history of the flow. If the flow upstream is under-developed and undisturbed, low turbulence intensity can be used. Turbulence intensity is given as 1= O.16(Re dh tl/8 . This work simulated the test of the low speed wind tunnel, so the turbulence intensity J is dependent on the parameter of the low speed wind tunnel, J = 0.4% [4] . The hydraulic diameter D; is selected as another turbulence parameter, Dh = 7.87m.
Outflow
Outflow boundary condition in FLUENT was used to model flow exits where the details of the flow velocity and pressure are not known prior to solution of the flow problem. Outflow was used because this study dealt with an incompressible, steady flow with constant density and the inlet was not a pressure inlet. The outlet condition is that the turbulence is developed sufficiently and the gradient of physical parameter is zero, i.e.
a IfI = 0 . The outflow boundary was situated far enough downstream from the vehicle so that the outflow an conditions have no impact on the flow field in the vicinity of the vehicle.
RESULTS AND DISCUSSION
Effect of Riblets on Drag Reduction
Applying CFD simulations, the viscous force coefficient C; and the pressure force, Cp, exerted on the smooth surface models and on a riblet model (Position D, Geometry A) were obtained. The viscous force coefficient and the pressure force coefficient are defined as:
where V is the velocity of air inlet, p is the density of the air, and A is the projected area of the model on the y-z plane. The viscous force coefficient, pressure force coefficient and the total force coefficient of both smooth and rib lets models are listed in Table 1 . model. The reduction rate is 2.74%, which indicates that riblets can reduce the drag exerting on automobile under low air speed. This result verifies the solving approach of this study, since the drag reduction by riblets is proven in various researches. The values of drag coefficient simulated, 0.36, also reasonably close to the real Lamborghini Murcielago LP640's 0.33. Table 1 shows that for both models, the major part of the drag coefficient is attributed to pressure viscous force coefficient (Figure 3) . It was also observed that riblets are more efficient on viscous drag reduction (22.52%) than pressure drag reduction (1.22%). The values of pressure and viscous drag force for both models are shown in Table 2 . The drag force reduction rate was calculated as its drag coefficient counterpart, and found to be 2.6%. Both rates are quite close, and according to Equation 1, the drag coefficient and drag force are proportional to each other. Hence, the subsequent discussion will focus on the drag coefficient parameter only. 
Effect of Riblets Position on Drag Reduction
The previous results have proven that riblets could reduce the drag of a vehicle, and the solving model of this study has been verified. The second part of the discussion will focus on how the different locations of riblets to be placed have influenced the drag reduction. Five positions has been identified and used for this investigation. The results of simulation of each model are tabulated below: of the smooth surface model and riblets model of each different position. The positions, from A to E, are shown in Figure 1above . Relating the location of these positions with the calculated reduction rate, it is observed that the reduction rate is the lowest near the front of the car, increasing until the mid of the car (position E), and finally fluctuating from A to D. It is interesting to note that apparently there is no proportionality occurs between these positions and the reduction rate, thus a further analysis is required to find out their relationship.
The drag reduction rate is defined as
Effect of Riblets Geometry on Drag Reduction
For this section, various riblet geometries are simulated to investigate its performance on drag reduction. Four geometries are chosen, referred as Geometry A (wedge), Geometry B (square), Geometry C (semi-sphere) and Geometry D (semi-hexagon). The drag reduction rate is defined as CSM -C RM X 100% , where CSM and CRM are drag C SM coefficients of the smooth surface model and riblets model of each different geometry. The reduction rates of geometry Band C in Table 4 show that the drag coefficient has been increased. Preliminary result indicates that the sharp V-groove formed by Geometry D (semi-hexagon) reduce the drag most efficiently, followed by Vgroove of Geometry A, while B and C slightly increase the drag.
Effect of riblet geometry on wall shear stress It is obvious from Figure 4 that the introduction of riblets geometry type C greatly increases the turbulent wall shear stress, to a level approaching 8.5 Pa. While the other 3 types of riblets are steady in maintaining shear stress in range 0.5-5 Pa, with the most efficient by geometry D, followed by B then A. Hampering the velocity in lateral direction will reduce momentum transfer and skin friction, such that align the riblets in the mean flow direction. Second, the protrusions should not higher than y+~5, which will increase the drag. Third, the protrusion height difference, /).h is required to be maximized for higher drag reduction. From the 3 factors above, all the 4 geometries of riblets do reduce airflow speed and have the riblets height from 1.25 mm to 1.8 mm, with y+ of C lower than A in this comparison. The only factor differentiate them is the protrusion height. When experiencing cross flow, the virtual origin of geometry C cannot remains near to tips due to its sphere shape, results in higher he, hence its drag reduction function deteriorates.
Riblet geometry and misalignment vulnerability
It is important to understand the deteriorating effect of misalignment because deviations in flow direction do occur at varying angle of attack of the surface. Three geometric quantities are responsible for the sensitivity to misalignment: the rib lateral spacing, s+, the ratio of rib height to rib spacing, his, and the shape of the cross section valley between two ribs.
The spacing of rib lets in different geometries used in this study is the same, that is 2.5 mm. For a given ratio of his = 0.5, the trapezoidally grooved riblets with smaller groove angle will perform better. Comparing the two trapezoidally and triangularly grooved of the study models here, the groove angle of geometry D is smaller, hence it is believed that it has the in this With the growing ratio of his, an even higher sensitivity to misalignment occurs. From Figure 7 , geometry C has lower ratio of his, hence less vulnerable to misalignment. The floor shape of the valley between the ribs is also important to determine misalignment sensitivity and drag reduction ability. A narrow notch performs slightly better in terms of insensitivity to misalignment than broad floor. One likely reason for this is the phenomenon that the fluid in the valleys tends to slosh. Sloshing is a lateral movement of fluid in between the ribs, which produces a motion normal to the wall. This additional momentum exchange is responsible for additional losses in drag reduction, and its appearance is more likely for broader valleys, such as the one formed by geometry B.
CONCLUSIONS
Throughout the study, two main sources of drag were encountered and identified. The first drag term is called the form drag, which is also referred to as pressure drag, caused by the adverse pressure gradient of the flow domain around the automobile. The second source of drag is the friction drag, caused by the wall shear stress of the air flow through the surface of the automobile. Using the wedge shape riblets with a triangular cross-section attached on the rear roof of the automobile, the effect of the riblets has been studied. The drag coefficient of a smooth surface model is simulated to be 0.3617, while the use of wedge riblets was found to have drag reduction rate of 2.74%. The position of rib lets attached on top of the middle roof of the automobile was found to be the most ideal, as far as drag reduction is concerned. A reduction rate as high as 9.51 % was recorded for this position, while several more positions were investigated and the corresponding reduction rate falls in the range of 0.5-7.22%. The rib lets on middle roof (referred as position C) is discovered to have better performance on reducing pressure gradient, vorticity and turbulence intensity, inducing lower wall shear stress, restricts the airflow speed and less susceptible to yaw angle effect. Among the four geometries of riblets investigated, the semi-hexagon trapezoidally shaped riblets, with narrow V -grooves (geometry D), was found to be the best. A drag reduction rate of 6.36% was obtained from this geometry, while the semi-circular and square cross section geometries reported to have increased the drag.
